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Abstract
The perceived direction of different barber-pole stimuli was assessed by adjusting an arrow on the screen. The terminator ratio
(TR: number of terminators moving along the long side divided by the number of terminators moving along the small side) was
either one or three. In this latter case, the aperture orientation was either vertical or horizontal. The grating was either in the same
plane as the aperture (intrinsic condition) or behind the aperture—the frame containing the aperture had a crossed disparity
relative to the grating—(extrinsic condition). A nested design with 120 observers was used for the whole study. Five grating
orientations were intermingled within any session. With a terminator ratio of three, the results depend strongly on the aperture’s
orientation. When the rectangular aperture is horizontal, the perceived direction of an intrinsic grating is horizontal (the typical
barber-pole illusion), whereas it is only slightly biased towards orthogonal one-dimensional (1D) motion signals (Vp) in the
extrinsic condition. When the aperture is vertical, the perceived direction in the intrinsic condition is largely biased toward Vp,
and on average it is close to Vp in the extrinsic condition. In this latter case, however, analysing the distributions of responses
shows that many responses do not lie around Vp but are clustered near vertical or horizontal. This motion capture depends on
the grating’s orientation. With a terminator ratio of one, motion capture is present in both the extrinsic and intrinsic conditions.
Moreover, a global bias toward horizontal is observed: this horizontal bias is much larger in the extrinsic condition. Altogether,
these results suggest that binocular disparity alone is a weak determinant of the extrinsic:intrinsic classification of two-dimensional
(2D) motion signals compared to the occlusion cues provided by unpaired regions in binocular images. Second, truly extrinsic 2D
motion signals are not suppressed but rather actively compete against each other to capture the 1D motion signals. This results
in a perceptual multistability which is much stronger with extrinsic signals. Finally, given the inherent multistability of barber-pole
stimuli, high-level factors can alter the strength of this competition and prime any of the 2D motion signals. © 1998 Elsevier
Science Ltd. All rights reserved.
Keywords: Aperture problem; Integration; Two-dimensional motion signal; Motion processing of features; Perception of direction; Extrinsic
signals; Intrinsic signals; Unpaired regions; Occlusion
1. Introduction
Early visual processing of motion relies on detectors
whose receptive fields have a spatially limited extent.
The response of these detectors to a moving contour is
one-dimensional (1D), and therefore ambiguous, be-
cause they can only sense the motion component (Vp)
perpendicular to this contour (Marr & Ullman, 1981).
Analyzing the global two-dimensional (2D) motion of a
large object therefore necessitates the integration across
space of many ambiguous 1D motion signals (Hildreth,
1984). Psychophysical experiments suggest that moving
features (line-endings, corners, dots, …) form another
class of signals included in the integration process
(Nakayama & Silverman, 1988; Shiffrar & Pavel, 1991;
Lorenceau & Shiffrar, 1992; Power & Moulden, 1992;
Kooi, 1993; Rubin & Hochstein, 1993; Shiffrar, Li &
Lorenceau, 1995; Beutter, Mulligan & Stone, 1996). To
what extent the 2D motion signals elicited by moving
features influence the disambiguation of 1D motion
signals is, however, not clear (Castet & Wuerger, 1997).
There is some evidence that low-level attributes play
an important role in this interaction: for instance, when
a tilted line of constant length is translating in the
fronto-parallel plane, its perceived velocity depends on
* Corresponding author. Tel.: 33 3 88358380; fax: 33 3
88358246; e-mail: ecastet@currif.u-strasbg.fr.
0042-6989:98:$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0042-6989(98)00146-1
E. Castet et al. : Vision Research 39 (1999) 915–932916
its luminance, which is assumed to affect the relative
strengths of both kinds of signals (Castet, Lorenceau,
Shiffrar & Bonnet, 1993; Lorenceau, Shiffrar, Wells &
Castet, 1993; Scott-Brown & Heeley, 1995, 1996a,b).
Thus, with a very low luminance, the 2D signal corre-
sponding to the line-ending’s velocity is weak and the
perceived motion of the line is consequently biased
towards perpendicular readings (Vp). While this mis-
perception, discovered with simple stimuli, can be mod-
eled in terms of very low-level processes (Lamouret,
Lorenceau & Droulez, 1996; Chey, Grossberg & Min-
golla, 1997), it has not been established whether all
phenomena involving interactions between 1D and 2D
signals can be explained in the same terms.
Concerning the competition between 1D motion sig-
nals extracted along contours and 2D motion signals
elicited by the extremities of these contours (termina-
tors), an important idea has emerged from the work of
Shimojo, Silverman and Nakayama (1989). These au-
thors propose that the perception of depth puts con-
straints on the integration processes. More precisely,
they argue that 1D and 2D motion signals only interact
when they both lie in the same perceived depth plane.
This conclusion was mainly reached by measuring the
perceived direction of a barber-pole stimulus in two
different conditions (Fig. 1): the barber-pole was a
grating moving either behind a rectangular aperture of
the background (Fig. 1A) or within a rectangular sur-
face lying in the plane (Fig. 1B), or in front of the
background (depth was produced by binocular dispar-
ity). In the first case, the dominant perceived direction
was not parallel to the longer edge of the rectangle, as
classically reported (Wallach, 1935; Wuerger, Shapley
& Rubin, 1996), but orthogonal to the bars; to explain
this interesting result, Shimojo et al. (1989) suggested
that the 2D signals elicited by the bar-endings were
‘abolished’ or suppressed in this condition because they
were ‘extrinsic’ in the sense that they resulted from the
occlusion produced by the aperture’s borders. Con-
versely, in the second case, the classical barber-pole
effect was reported, i.e. the terminator ratio (TR: num-
ber of terminators moving along the longer edge di-
vided by the number of terminators moving along the
smaller edge) determined the ‘winning’ direction. It was
assumed that the bar-endings retained their disam-
biguating ability in this case because they were
‘intrinsic’.
There are three key issues concerning this result
which demand further investigation.
First, it is not clear whether binocular disparity alone
is the main determinant of the finding. Instead the sense
of occlusion provided by unpaired regions in binocular
images seems to be a more likely candidate (Nakayama
& Shimojo, 1990; Anderson, 1994; Anderson &
Nakayama, 1994; Anderson & Julesz, 1995). This hy-
pothesis is consistent with a recent study showing the
predominance of monocular occlusion cues (e.g. T-
junctions) over binocular disparity in the perception of
barber-pole patterns (Liden & Mingolla, 1998). This
idea, which is supported by the present work, will be
discussed further along with the results.
Second, the hypothesis that extrinsic 2D motion sig-
nals are suppressed does not seem firmly established.
For instance, Rubin and Hochstein (1993), by measur-
ing the perceived direction of a vertical barber-pole
pattern, did find a residual influence of 2D motion
signals which should have been classified as extrinsic
(given their uncrossed binocular disparity). These re-
sults are, however, difficult to interpret because no
control experiment (i.e. a similar display in the intrinsic
condition) was performed. But observations in our
laboratory have also suggested that this effect is not
easy to replicate in conditions which seem similar in
terms of binocular disparity to those used in the initial
study. In short, two kinds of conditions are involved.
(A) When the aperture is a horizontal rectangle, the
‘extrinsic’ grating still appears to be moving horizon-
tally as if the barber-pole illusion were not suppressed
in this case (Morgan, personal communication) (Castet,
Charton & Dufour, 1997).
Fig. 1. Schematic descriptions of a barber-pole stimulus translating
either behind a frame with a rectangular aperture (extrinsic condition)
or in the same depth plane as the aperture (intrinsic condition). In the
actual display, the frame, which was 2.9° higher and wider than the
aperture, contained 100% of black and white random dots. The rest
of the screen was gray.
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(B) When a 45° grating is moving behind a square
aperture (TR1), the perceived direction does not
seem to be uniquely in the direction perpendicular to
the grating (Vp) as predicted by the ‘suppression’ hy-
pothesis: instead, the perceived direction appears mul-
tistable and oscillates between horizontal, vertical and
orthogonal motion as if the 2D motion signals were
still influential.
Multistability is therefore the third important issue
of our study. We attempted to answer several ques-
tions: Is there more multistability in the extrinsic con-
dition than in the intrinsic condition? If there is such
a difference, how are the different perceived directions
distributed? For instance, do they form clusters?
There are two main reasons for these questions: (a)
to our knowledge, there is no report of a quantitative
analysis of the multistability of barber-pole stimuli
(intrinsic or extrinsic) having different terminator ra-
tios; (b) if 2D motion signals are indeed suppressed in
the extrinsic condition, it is not clear why this should
result in Vp determining perceived direction. Strictly
speaking, Vp is an ambiguous signal, and the absence
of disambiguating 2D motion signals should simply
result in perceptual ambiguity. This can be tested by
checking if responses are uniformly distributed
around Vp.
In summary, the main goal of the present work is
to test the robustness of the afore-mentioned observa-
tions, and to offer a rich and reliable data-base on
the role of binocular disparity and:or half-occlusions
in the extrinsic:intrinsic classification. Our second
goal is to show that the perceived direction of grat-
ings moving behind apertures is extremely multistable
(even with terminator ratios larger than one), a point
which may have been overlooked in the past. A
quantitative analysis of multistability with barber-pole
stimuli should help understand how 2D and 1D mo-
tion signals interact.
Finally, we wanted to test whether different orien-
tations of the grating would yield different patterns of
results. The rationale was twofold: (1) a suppression
hypothesis does not predict any effect of orientation;
and (2) when the terminator ratio is kept constant as
orientation is varied, the 1D motion signal (Vp)
comes closer to one of the two unambiguous motion
signals while the average of these two latter vectors
stays constant. This decoupling, which is not present
when using a 45° grating, should help understand
how different 2D motion signals interact. If one as-
sumes that both 2D signals are somehow averaged,
there should not be any effect of orientation. How-
ever, if 2D signals interact in a competitive way to
gain dominance, disambiguation should be more infl-
uenced by the line-endings whose direction is closest
to Vp, an outcome which is predicted by some mod-
els of 2D motion perception in some conditions
(Chey et al., 1997).
1.1. General methods
To conduct our study, we tried to apply the follow-
ing rules to avoid some problems regularly encoun-
tered when measuring the perceived direction of
barber-pole stimuli.
(1) Observers adjusted the perceived direction with
an arrow presented on the screen. The first advantage
of this procedure is that it provides the distributions
of the responses (either for individual observers or for
the whole population), allowing us to identify differ-
ent shapes of the distributions. Analysing these
shapes can reveal the afore-mentioned multistability.
Moreover, using an adjustment procedure does not
force the observers to impose possibly irrelevant cate-
gories onto the percepts: for instance, having to
choose between horizontal or vertical could alter ob-
servers’ perceptual outcomes or decisional strategies.
Finally, this procedure allows the use of a large num-
ber of observers because it is very efficient in terms of
the subjects’ time.
(2) We used a design in which the most relevant
factors (e.g. depth manipulation or aperture orienta-
tion) were varied between subjects (‘nested design’).
We think that it is more appropriate in the present
context than a crossed design in order to show a
difference between two critical conditions. From ver-
bal reports of naive observers looking at barber-pole
stimuli (Castet, Dufour & Bonnet, 1996), we’ve real-
ized that the main problem with a crossed design is
that observers very often consider that the physical
difference between the two critical conditions is only
‘minor’. Consequently, they report that it is very
difficult for them to rely solely on their perception.
As a result, they tend to give a constant response to
the different conditions whatever the corresponding
perceptions. Some observers report the opposite: they
tend to give different responses to different conditions
although they don’t perceive any perceptual difference
because they think that ‘the goal of the experiment is
to show a difference between different conditions’.
This shortcoming is avoided with a nested design.
(3) A large number of observers was used (120 in
the whole study) to increase the degree of reliability
of the measured distributions. This is particularly im-
portant here, because the postulated perceptual multi-
stability should produce a very large inter-observers
idiosyncratic variability.
(4) In order to maintain a constant terminator ratio
as orientation was varied, the aspect ratio of the
aperture was varied in proportion to the tangent of
the grating’s orientation.
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Fig. 2. Representation of the different motion signals elicited by the
barber-pole stimulus. Early motion detectors signal the perpendicular
component of motion Vp which is a 1D motion signal. The bar-end-
ings produce two different 2D motion signals: VL along the longer
edge of the rectangle (here in the horizontal direction) and VS along
the smaller edge (here in the vertical direction).
(dva). 8-bit luminance resolution was used. A lookup
table in the software was used to linearize the intensity
response of the phosphors.
On each trial, a grating formed by a square wave
luminance modulation (Fig. 1) was moved within a
rectangular aperture for a duration of 2300 ms. Motion
was created by a rotation of colors through the lookup
table (256 gray levels). The grating spatial frequency
was 1.2 cd of visual angle for the five orientations used:
30, 38, 45, 52 and 60° (only 30, 45 and 60° above
horizontal are shown in Fig. 3). The corresponding
temporal frequencies were 2.5, 2.3, 2, 2.3 and 2.5 Hz.
For all orientations, the horizontal sides of the vertical
rectangular aperture were 2° of visual angle. For rea-
sons of randomization, each orientation was either
above or below horizontal, and the motion component
perpendicular to the bars was directed towards one of
the four quadrants.
To help observers maintain fixation, a red point was
constantly presented in the middle of the display (at the
same disparity as the frame) and a chin rest was used.
Moreover, a sound was presented 200 ms before the
grating appeared.
Observers wore ferro-electric shutter glasses (CRS™
FE-1) in all conditions. In the zero disparity condition,
the stimulus consisted of a grating surrounded by a
frame made of black and white random dots. The
frame was surrounded by a gray background with a
luminance of 5 cd:m2. Luminance values were mea-
sured through one lens of the ferro-electric glasses (the
frame rate in each eye was 60 Hz). The grating had a
mean luminance of 5 cd:m2 and a Michelson contrast
of 100%. Two modifications produced the ‘extrinsic’
condition: (1) the horizontal extent of the aperture in
the frame was reduced by 18 min and (2) this frame was
then presented with an 18 min crossed disparity (identi-
cal to the largest disparity used by Shimojo et al.
(1989)). This frame was 2.9° higher and wider than the
rectangular aperture. It is important to note that this
display produces two unpaired regions (along the verti-
cal edges of the aperture) whose horizontal extent is 18
min, i.e. identical to the binocular disparity.
2.1.3. Procedure
In each trial, the red fixation point appeared 1.8 s
before the stimulus was displayed. The grating was
static for 1 s before it started drifting. Then 400 ms
after the motion presentation, observers were required
to rotate an arrow presented in the middle of the screen
to assess the perceived direction of the set of bars.
Rotation was achieved using a mouse. Once satisfied
with their adjustment, observers pressed the left button
of the mouse which initiated the next trial.
A total of ten observers served in the zero disparity
(intrinsic) condition and ten other observers served in
the extrinsic condition.
2. Experiment 1A (vertical aperture)
In the barber-pole illusion there are only two 2D
motion signals: VL (longer edge) and VS (smaller edge)
(Fig. 2). There is evidence that the precise value of the
ratio between the numbers of bar-endings representing
VL and VS respectively (terminator ratio) is crucial to
determine the perceived direction of the barber-pole
(Castet et al., 1996). Therefore, in order to compare our
data with those of Shimojo et al. (1989), we chose a
ratio of three (their ratio was 3.3). In view of its
importance, the terminator ratio was kept the same for
the different orientations of the grating by proportion-
ately decreasing the length of the barber-pole when
orientation above horizontal decreased (Fig. 3). The
extrinsic nature of the bar-endings was created with
stereoscopic glasses by presenting a frame ‘in front’ of
the display (cf. Fig. 1A which represents the horizontal
aperture used in Experiment 1B). This condition was
then compared with a baseline condition where the
grating was in the plane of the background (zero dis-
parity, i.e. intrinsic condition).
2.1. Methods
2.1.1. Subjects
A total of 20 observers with normal vision (natural
or corrected) served as subjects in this experiment. They
were paid students from Louis Pasteur University, who
were unaware of the aims of the experiment.
2.1.2. Stimuli
Stimuli were displayed on a 21 in. Eizo™ color
monitor (F784) driven by a display controller (CRS™
VSG 2:3F) with a 120 Hz frame rate. At the viewing
distance of 1 m, the average separation between two
adjacent pixels subtended 0.0208 degrees of visual angle
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Fig. 3. The stimuli were square wave gratings of different orientations with a fixation point in the middle (in Experiments 1B and 3, some
conditions used sinusoidal gratings). Only three orientations among the five used in the experiments are represented here. In order to keep the
terminator ratio (i.e. the ratio between the number of bar-endings moving horizontally and vertically) constant, the long side of the rectangle was
increased as orientation above the long axis decreased. The small side had a constant size (2°).
Within a block, each orientation was randomly pre-
sented ten times. A session contained three blocks.
Before each session, we tested whether observers could
perceive random dot stereograms (simple geometrical
shapes) presented on the screen and viewed through the
stereoscopic glasses. Three observers in the whole study
who failed this test were not kept in the experiments.
After this test, observers were warned that they were
not to confuse bar-orientation and bar-direction. To
help them understand this point, they were required to
report the direction of a 45° line which was successively
translated in three different directions. This was re-
peated until no confusion was observed in the subjects.
Then, observers performed one training block (or more,
if necessary) where each orientation was only presented
twice to get used to the task. A whole session lasted
about 30 min.
2.2. Results and discussion
To give a quick overview of the results, the data are
averaged across observers in Fig. 4 as a function of the
grating’s orientation (relative to the long axis). In Fig.
4A, the perceived direction of the grating is expressed
in terms of the measured deviation away from Vp and
towards the vertical bar-endings’ velocity (VL). A null
value (dotted line) indicates a perceived direction corre-
sponding to Vp. The dashed line represents the pre-
dicted values if the perceived direction is vertical, that is
in the direction of the vertical bar-endings’ velocity.
The mean standard deviations of the responses are
represented for the intrinsic and the extrinsic conditions
in Fig. 4B. Each symbol represents the mean value of
ten observers.
The general pattern of results reported by Shimojo et
al. (1989) is replicated here for three orientations: 30, 38
and 45°. On average, the perceived direction of the
grating is close to Vp in the extrinsic condition and
closer to vertical (i.e. the long axis) in the intrinsic
condition. However, the perceived direction of the in-
trinsic grating is not in the direction of the long axis as
classically reported but largely biased toward Vp. This
bias could result from an incomplete integration of 2D
motion signals or from a bias toward horizontal. This
latter interpretation is supported by Experiment 1B and
Experiment 2.
Interestingly, the mean standard deviation is larger in
the extrinsic condition than in the intrinsic condition
suggesting that multistability is increased in the first
case, a finding which is supported by analysing the
response distributions.
The distributions of responses are represented with
polar plots (one for each orientation) in Fig. 5 for the
extrinsic (top row) and the intrinsic condition (bottom
row). The angular axis represents the canonical per-
ceived directions (as if Vp had actually been presented
in a single quadrant): for instance, a horizontal re-
sponse (to the left or to the right) is plotted on the left
horizontal axis and a vertical response (up or down) is
plotted on the bottom vertical axis. The origin of the
E. Castet et al. : Vision Research 39 (1999) 915–932920
angular coordinates corresponds to the direction of 1D
motion signals (i.e. 0°Vp). The angular coordinates
are expressed as deviations (in d.v.a.) from Vp toward
horizontal (negative values) or toward vertical (positive
values). The radial axis plots, in log coordinates, the
number of observations collected for each direction
(there are 300 data for each graph).
These distributions reveal several important aspects
of the data which were obscured in Fig. 4. The first
clear-cut comment is that the distributions are uni-
modal in the intrinsic condition, whereas they’re bi- or
even tri-modal in the extrinsic condition. More pre-
cisely, only in the extrinsic condition is there a clear gap
in the distributions between a Vp response and a verti-
cal (or horizontal) response. The presence of such a gap
is extremely clear when comparing the extrinsic and the
intrinsic conditions for the 45, 52 and 60° orientations.
The modal classes are located along three directions:
horizontal, vertical and Vp. This finding suggests two
general conclusions: (a) motion signals elicited by the
bar-endings are not suppressed in the extrinsic condi-
tion; (b) these signals compete against each other and
are used on a significant number of trials to ‘capture’
the ambiguous motion signals elicited along the line
(Chey et al., 1997). Capture of motion signals as result-
ing from a competition between different 2D signals is
strongly suggested by the clustered responses observed
in the extrinsic condition.
This clustering depends on the orientation of the
grating, or more precisely on the angle between Vp and
the bar-endings’ direction as shown in Fig. 6. As the
angular distance between Vp and horizontal is in-
creased, the percentage of data clustered around hori-
zontal (circles) decreases, whereas the opposite occurs
for the data clustered around vertical (squares). A value
of 10° away from the cardinal directions (top graph in
Fig. 6) was chosen to define the bins containing ‘hori-
zontal capture’ and ‘vertical capture’ data. This pattern
of results supports the idea that the two different 2D
motion signals compete to gain dominance, and the
probability for one of them to win increases when its
direction gets closer to Vp. This is especially obvious
with a 45° orientation: the percentage of data clustered
around horizontal and vertical is the same (20% each)
as if competition was unable to favor one of them
because they’re at the same angular distance from Vp.
As shown in Fig. 6, the ‘capture’ effect is so dramatic
that 52 and 60° gratings have more responses lying
around vertical in the extrinsic condition (squares, dot-
ted line) than in the intrinsic condition (squares, solid
line). This marked difference (from 30 to 50% for 60°)
is not consistent with a suppression hypothesis which
predicts the opposite pattern of results, i.e. more re-
sponses around vertical in the intrinsic condition.
Finally, Fig. 6 shows that motion capture in the
vertical direction (squares) occurs more often with large
angles (e.g. 50% for 60°) than motion capture in the
horizontal direction (circles) with small angles (e.g. 35%
for 30°), although the angular distance between Vp and
the winning 2D motion signal is the same (here 30°) in
both cases. The higher probability of capture in the
vertical direction presumably results from the larger
number of bar-endings moving vertically. This main-
tained influence of the terminator ratio provides further
evidence that extrinsic signals are not fully suppressed.
To summarize, in the intrinsic condition, the per-
ceived directions are uniformly distributed between Vp
and vertical, suggesting that disambiguation is predom-
Fig. 4. Results of Experiment 1A. Top graph: Data averaged across
observers. The perceived direction of the grating is expressed as the
deviation in degrees from Vp (the component of motion perpendicu-
lar to the bars) against the orientation of the grating. Ten observers
were assigned to each of the two experimental conditions. Vertical
bars represent 9one standard error across ten subjects. Bottom
graph: Standard deviation of the responses averaged across observers
for the two different experimental conditions.
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Fig. 6. From each polar plot presented in Fig. 5, the proportion of responses lying 910° around vertical (squares) and 910° around horizontal
(circles) are represented for the extrinsic (dotted line) and the intrinsic (solid line) conditions as a function of the grating-orientation relative to
vertical (equivalent here to the angle between Vp and horizontal).
inantly governed by the large number of intrinsic verti-
cal 2D motion signals (TR3). In contrast, in the
extrinsic condition, data are non-uniformly concen-
trated along the horizontal and vertical axes and
around Vp. It seems therefore that the extrinsic condi-
tion restores the competition between 2D signals which
was suppressed by the terminator ratio in the intrinsic
condition. This ongoing competition produces either
Vp responses in case of inconclusive competition, or
‘capture’ responses otherwise. The perceptual conse-
quence is a higher multistability in the extrinsic
condition.
3. Experiment 1B (horizontal aperture)
The initial aim of this experiment was to collect a
large number of data with a horizontal barber-pole to
confirm informal observations which suggested that the
perceived direction of an extrinsic grating was still
mainly in the horizontal direction.
3.1. Obser6ers
A total of 36 observers were distributed into four
groups: nine observers served in the zero disparity
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Fig. 7. Results of Experiment 1B. In the top graphs (a, b, c), the perceived direction of the grating is expressed as the deviation in degrees from
Vp (the component of motion perpendicular to the bars) against the orientation of the grating above horizontal. Data collected from 36 students
are presented: nine observers were assigned to each of the four experimental conditions. Vertical bars represent 9one standard error across nine
subjects. (a) Data averaged across observers. (b) Individual data in the extrinsic condition for a duration of 400 ms. (c) Individual data in the
extrinsic condition for a duration of 2300 ms. (d) standard deviation of the responses averaged across observers for the four different experimental
conditions.
(intrinsic) condition, and the other 27 observers served
in the extrinsic condition.
3.2. Stimuli and procedure
Stimuli and procedures were exactly the same as
those of Experiment 1A, except for the following
points: (1) the barber-pole was horizontal; (2) the lumi-
nance modulation of the grating was sinusoidal (except
for one of the three extrinsic groups); and (3) the
duration was reduced to 400 ms for two groups (intrin-
sic sinusoidextrinsic sinusoid).
3.3. Results and discussion
The results are represented in Fig. 7 as a function of
the grating’s orientation. In Fig. 7a, the perceived direc-
tion of the grating is expressed in terms of the measured
deviation away from Vp and towards the horizontal
bar-endings’ velocity (VL). A null value (dotted line)
indicates a perceived direction corresponding to Vp.
The dashed line represents the predicted values if the
perceived direction is horizontal, that is in the direction
of the horizontal bar-endings’ velocity. The mean stan-
dard deviation of the responses is represented for each
condition in Fig. 7d. Each symbol represents the mean
value of nine observers.
The striking result is that the bias obtained in the
three extrinsic groups is remarkably small (whatever the
duration of presentation, or the shape of the grating’s
luminance modulation) compared to the results ob-
tained in Experiment 1A, i.e. the results do not lie
along or near the dotted line (null value) any longer.
Even when considering the individual data of two
groups presented in Fig. 7b (400 ms) and Fig. 7c (2300
ms), there is no evidence for the perception of orthogo-
nal motion. To compare the extent of the bias with
other studies, the predictions corresponding to the aver-
age of Vp and VL are represented by a dash-dotted
line. The mean bias obtained in the present experiment
is smaller than this prediction. Strikingly, the intrinsic
curve in Experiment 1A (which lied below the dash-dot-
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ted line in Fig. 4) showed much more bias toward Vp
than the present intrinsic, and even extrinsic, curves.
This suggests that the large bias obtained with the
intrinsic vertical grating (Experiment 1A) is mainly due
to a bias toward the horizontal cardinal direction. The
existence of such a bias, which was briefly reported by
Shapley and Rubin (1996), will receive further support
in Experiment 2.
In contrast to Experiment 1A, the response distribu-
tions are now very similar in the extrinsic and in the
intrinsic conditions. They are in fact similar to the
uni-modal distributions associated with the intrinsic
condition of Experiment 1A (Fig. 5 bottom) and are
therefore not shown. This is summarized in Fig. 7d,
with the same symbols as in Fig. 7 a, by the standard
deviations across trials which have been averaged
across observers. This graph shows that the variability
within an experimental session is small and rather
constant across the different conditions. It also shows
that the variability obtained here in the extrinsic condi-
tion is the same as in the intrinsic condition, namely
about half the value obtained in the extrinsic condition
of Experiment 1A, showing that multistability is much
reduced in the present experiment.
It is important to note that all the observers reported
that the stimuli presented in the extrinsic condition
create a clear impression of depth. Therefore, the first
conclusion is that conspicuous depth perception, i.e. the
perception that the grating is further away than the
aperture, is not sufficient to produce the pattern of
results obtained in Experiment 1A. Likewise, the
present results are not consistent with the idea that
binocular disparity is the main determinant of the
extrinsic:intrinsic classification. What is then the rele-
vant difference between a vertical and a horizontal
aperture?
As suggested by one reviewer, it is possible that
‘stereoscopic perception is not optimized’ when the
aperture is horizontal, a flaw which would globally
result in less ‘release’ of the bar-endings. To understand
this point, the importance of unpaired regions in binoc-
ular images for depth processing must be considered
(Nakayama & Shimojo, 1990; Anderson, 1994; Ander-
son & Nakayama, 1994; Anderson & Julesz, 1995). In
both Experiments 1A and 1B, unpaired regions lie
along the vertical sides of the grating: as a result, the
unpaired regions created by a vertical aperture have a
smaller eccentricity (the fixation point was in the middle
of the barber-pole) and a larger area than the unpaired
regions created by a horizontal aperture. In other
words, stereopsis would not be optimal with a horizon-
tal grating, because its unpaired regions are too small
and too far in the periphery.
An alternative explanation of the difference between
Experiment 1A and 1B also relies on the role of un-
paired regions but in a different way. We propose that
the sense of occlusion, more than binocular disparity, is
the main determinant of the extrinsic:intrinsic classifica-
tion. This is in line with a recent study suggesting that,
in this respect, monocular occlusion cues (like T-junc-
tions for instance) are more efficient than binocular
disparity cues (Liden & Mingolla, 1998). Initially,
showing the importance of occlusion constraints was
the explicit goal of the study performed by Shimojo et
al. (1989), but we propose here that stereopsis as such is
not the main determinant of their finding. Instead, we
suggest that half-occluded regions provide precisely the
relevant occlusion cues which are responsible for the
extrinsic:intrinsic classification. According to this idea,
bar-endings lying along horizontal sides would not be
classified as extrinsic because there are no half-occluded
regions along a horizontal occluder (provided both eyes
are horizontal), whereas bar-endings along vertical sides
would become highly extrinsic. Consequently, we argue
that the perceived direction of an extrinsic horizontal
grating is near horizontal because the signals responsi-
ble for the barber-pole illusion, i.e. those moving hori-
zontally, are still intrinsic (or only slightly extrinsic). In
contrast, when the aperture is vertical, the signals pro-
ducing the barber-pole illusion, i.e. those moving verti-
cally, are now highly extrinsic. The small bias towards
Vp observed in the extrinsic condition of Experiment
1B also shows that the classification process is not an
all-or-none process: the degree of extrinsic:intrinsic
classification seems to be gradual and to depend for a
small part on binocular disparity. It seems, in this case,
that 2D motion signals moving horizontally are slightly
extrinsic thanks to binocular disparity. Liden and Min-
golla (1998) have also shown that different monocular
occlusion cues result in a continuum of effects on
bar-endings’ classification.
4. Experiment 2
The purpose of Experiment 2 is to strengthen our
proposal that bar-endings lying along vertical occluders
are highly extrinsic (thanks to half-occlusions), whereas
bar-endings along horizontal occluders are only weakly
extrinsic because binocular disparity alone is a poor
determinant of the extrinsic:intrinsic classification. This
hypothesis predicts a bias towards horizontal when an
extrinsic grating has an equal number of bar-endings
moving horizontally and vertically (TR1). Therefore,
in the present experiment, we used a terminator ratio of
1 for all orientations. Moreover, to make sure that
depth was optimized in terms of eccentricity and sur-
face of the unpaired regions, two conditions were used.
In the first condition, the eccentricity of the unpaired
regions was constant and as small as that used in
Experiment 1A (i.e. the horizontal distance between the
vertical sides was 2° (Fig. 8, middle row).
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In the second condition, the surface of the unpaired
regions was kept constant across different orientations,
and was as large as that used in Experiment 1A for the
45° grating (i.e. the size of the vertical side of the
aperture was 6°).
4.1. Methods
4.1.1. Subjects
A total of 40 additional observers with normal vision
(natural or corrected) served as subjects in Experiment
2. They were also paid students from Louis Pasteur
University who were unaware of the hypotheses under
consideration.
4.1.2. Stimuli and procedure
Stimuli and procedures were exactly the same as
those of Experiment 1, except that the terminator ratio
was one. The size of the horizontal sides of the aperture
was 2° in condition 1 (Fig. 8, middle row). The size of
the vertical sides was 6° in condition 2.
4.2. Results and discussion
The distributions of responses for 20 observers (con-
dition 1: constant eccentricity of unpaired regions) are
represented in Fig. 8 with the same conventions as in
Fig. 5. The first general comment is that the shapes of
the distributions obtained in the intrinsic condition
(bottom row) are different from those obtained in
Experiment 1. Now, clusters of data appear along three
main directions: perpendicular, horizontal and vertical.
This new feature, which we interpret as the signature of
a balanced competition between the two different 2D
motion signals, emerges here because the terminator
ratio of one seems to have assigned an equal weight to
both signals. Consequently, the probability for one of
the two unambiguous motion signals to gain domi-
nance and to constrain the disambiguation process
increases with the angular proximity of Vp (Fig. 9A
filled symbols). When neither signal wins, no capture is
observed, and orthogonal motion is perceived as shown
in Fig. 8 by the large amount of data distributed
around Vp.
To test our hypothesis which predicts a bias towards
horizontal in the extrinsic condition, we first need to
evaluate if such a bias already occurs in the intrinsic
condition. Looking at the data for the 45° grating in
Fig. 8 provides a first hint: horizontal capture occurs
much more often than vertical capture. This is consis-
tent with a brief report by Shapley and Rubin (1996)
who also used barber-pole stimuli. This advantage is
also clear when considering Fig. 9A (filled symbols): the
probability of horizontal capture with small orienta-
tions (30 and 38°) is higher than the probability of
vertical capture with large orientations (52 and 60°)
although the angle between Vp and the ‘capture’ direc-
tion is the same in both cases.
The horizontal bias does not only concern the ‘cap-
ture’ responses. There is also a more global bias toward
horizontal as can be seen in Fig. 10. Responses have
been distributed into three categories: (a) responses
Fig. 9. (A) Proportions of ‘capture’ responses obtained in Experiment
2 (condition 1) for different orientations of the grating (relative to
vertical) in the extrinsic and intrinsic conditions with the same
notations as in Fig. 6. (B) The average perceived direction corre-
sponding to the non captured responses has been calculated and its
deviation from Vp toward horizontal is plotted against the grating-
orientation.
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Fig. 10. The responses obtained in Experiment 2 (condition 1) have
been distributed into three categories: (a) responses lying 910°
around Vp; (b) responses lying outside this range and toward hori-
zontal; and (c) responses lying outside the Vp range and toward
vertical. The proportions of these responses are presented for the
intrinsic and extrinsic conditions. Note that ‘horizontal’ and ‘vertical’
responses in this figure do not correspond to the ‘horizontal capture’
and ‘vertical capture’ categories presented in Fig. 9.
the extrinsic condition more responses should lie
around Vp, and less responses should lie around
horizontal.
The same global pattern of results was obtained with
an additional 20 observers who were run with a larger
surface of the unpaired regions (condition 2).
In summary, when looking at barber-pole stimuli
oriented along the cardinal directions, there are two
factors which bias responses toward horizontal. First,
there is an influence of horizontal as a cardinal direc-
tion (i.e. this tendency would not depend on the aper-
ture’s orientation) revealed in the intrinsic condition.
Second, there is an additional horizontal bias revealed
in the extrinsic condition. This latter bias results from
the absence of unpaired-regions along the horizontal
borders of the aperture, and thus depends on the
presence of these horizontal borders. In terms of depth,
there is no reason to believe that stereopsis has not
been optimized in the present displays. Therefore, the
horizontal bias revealed here in the extrinsic condition
seems to depend mainly on the non-balanced influence
of bar-endings. The presence of unpaired regions along
vertical borders, and not along horizontal borders,
creates strong occlusion cues which are more important
in the extrinsic:intrinsic classification than binocular
disparity. As a result, 2D motion signals moving hori-
zontally are either intrinsic or weakly extrinsic which
explains their prevalence in the disambiguation process.
5. Experiment 3
The initial goal of the present experiment was to
underline the importance of multistability when looking
at barber-pole stimuli. Concerning multistabililty, sev-
eral authors have already shown the importance of
awareness and intention. Notably, Girgus, Rock and
Egatz (1977) and Rock and Mitchener (1992) showed
that observers who are unaware of alternative percepts
for the stimulus are less likely to change their initial
spontaneous perception. Moreover, Peterson and
Hochberg (1983) showed that an intentional effort to
maintain a given percept reduces the probability of a
subsequent perceptual change.
We therefore wondered whether the instructions
given to observers could influence their perceptions
when estimating the perceived direction of barber-pole
stimuli (all observers were students who had never
served in experiments involving barber-pole stimuli). To
give a constraint during the whole session, we decided
to change our procedure: instead of adjusting an arrow
to record the perceived direction, observers had to
decide whether motion was predominantly in the hori-
zontal or vertical direction. We used horizontal aper-
tures, as in Experiment 1B, because this situation
provides a weak bias towards Vp and a relative lack of
lying around Vp (910°); (b) responses lying outside
the Vp range and toward horizontal; and (c) responses
outside the Vp range and toward vertical (Fig. 10 top).
In the intrinsic condition, there is a clear preference for
‘horizontal’ responses (39.7%) over ‘vertical’ responses
(17.4%). The effect of the horizontal bias can also be
seen in Fig. 9B: as the grating’s orientation increases,
the average perceived direction of the non captured
responses gets closer to horizontal (solid line).
Overall, the results in the intrinsic condition provide
evidence that the horizontal cardinal direction is sus-
ceptible to bias the perceived direction of barber-pole
stimuli. This influence presumably accounts for the
large bias observed with the vertical aperture in the
intrinsic condition (Experiment 1A).
Is there a larger bias toward horizontal in the extrin-
sic condition as predicted by our hypothesis? Inspection
of Fig. 9A shows that horizontal capture (circles) oc-
curs more often in the extrinsic condition (e.g. from 40
to 65% for a 30° grating). Likewise, on average, non
captured responses deviate more from Vp toward hori-
zontal in the extrinsic condition (dotted line, Fig. 9B).
Finally, Fig. 10 shows that the global horizontal bias
rises from 39.7% in the intrinsic condition to 60% in the
extrinsic condition. This increase occurs mainly at the
expense of Vp responses (which decay from 42.9 to
28.8%), while vertical responses are only weakly re-
duced (from 17.4 to 11.2%). Again, from a suppression
hypothesis, we would expect quite the opposite, i.e. in
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Fig. 11. Results of Experiment 3. Same stimuli as in Experiment 1B (horizontal apertures). Data collected from 16 students are presented: vertical
bars represent 9one standard error across eight subjects. The percentage of trials in which observers responded ‘horizontal’ (versus ‘vertical’) is
plotted as a function of the grating-orientation for the two disparity conditions (duration: 2300 ms); (a) data averaged across observers; (b)
individual data for the extrinsic condition; (c) individual data for the intrinsic condition.
multistability. This should help reveal any factor in-
creasing both the multistability and the bias toward Vp.
5.1. Methods
5.1.1. Subjects
A total of 24 additional observers with normal vision
(natural or corrected) served as subjects in this experi-
ment. They were also paid students from Louis Pasteur
University who were unaware of the hypotheses under
consideration.
5.1.2. Stimuli and procedure
Stimuli and procedures were exactly the same as
those of Experiment 1B, except for the task performed.
Observers had to choose whether the perceived motion
was predominantly in the vertical or horizontal direc-
tion. To give their response, observers still used an
arrow, but the possible directions of the arrow were
restricted to the vertical and horizontal axes.
Two durations (400 ms and 2300 ms) were used with
the extrinsic stimulus and one duration (2300 ms) with
the intrinsic stimulus (zero disparity). Eight observers
served in each of these three conditions.
5.2. Results and discussion
The percentage of ‘horizontal’ responses averaged
across observers is plotted in Fig. 11A as a function of
the grating orientation for the 2300 ms duration. The
400 ms data (which were measured in the extrinsic
condition) have been omitted for clarity because, as in
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Experiment 1B, the curves corresponding to the two
durations overlapped. As in Experiment 1B, there is
more bias in the extrinsic condition (squares) than in
the intrinsic condition (circles). However, there are
several new results in the present experiment which
appear when considering individual data.
First, the shapes of the response distributions are not
the same in the extrinsic condition (Fig. 11B) and in the
intrinsic condition (Fig. 11C). With the extrinsic stimu-
lus (Fig. 11B), there is a regular distribution between
the two extreme responses for any orientation, whereas
the responses are mainly ‘horizontal’ with the intrinsic
stimulus (Fig. 11C).
Second, the range of responses is much larger in the
present experiment than in Experiment 1B. The larger
width of the distributions is particularly obvious for the
30° orientation: whereas the range of individual means
was about 30° wide (Fig. 7: from horizontal (VL) to
(VpVL):2), it is now 90° wide (from horizontal to
vertical).
Third, the procedure used in the present experiment
seems to have introduced another effect which was not
present in Experiment 1B: there is a tendency for the
bias towards Vp to increase across time at least for
some observers. This is best shown for the intrinsic
stimulus (2300 ms): five observers (among the eight
observers of the group) always responded ‘horizontal’
whatever the rank of the block, whereas three observers
changed their responses across time. The results of
these three observers are presented in Fig. 12. For
almost all orientations, these observers perceive more
and more bias towards Vp as the session proceeds.
The whole pattern of results suggests that the task
used here constrains observers to consider perceptual
solutions which did not arise spontaneously in Experi-
ment 1B (for the intrinsic and the extrinsic conditions).
An analogy might be drawn with the situation observed
with a bi-stable stimulus (like the Necker cube) pre-
sented for the first time to naive observers: very often,
they only perceive a single perceptual solution. How-
ever, when the other solution is described to them, they
start perceiving it.
At first sight, it seems difficult to apply this reasoning
to the present experiment because observers in Experi-
ment 3 are never explicitly told that they may perceive
vertical motion: they only have to choose whether
perceived motion is either closer to horizontal or closer
to vertical. For instance, with a 45° grating, this means
they have to decide whether perceived motion lies either
between vertical and Vp (this corresponds to a value
smaller than the ordinate value of 0 in Fig. 7) or
between Vp and horizontal (a value larger than 0 in
Fig. 7). For the other orientations of the grating, the
perceived directions below which observers respond
‘vertical’ correspond to ordinate values of 15, 7, 7
and 15 for grating-orientations of 30, 38, 52 and 60°,
respectively (Fig. 7; these values also correspond to
chance level responses). We suggest that the large bias
observed here is due to the influence of these criterion-
values which observers have to consider on each trial to
perform the task, whereas there is no need for any such
criterion in Experiment 1B.
To summarize, these results underline the strong
multistability of barber-pole stimuli and the resulting
sensitivity of these stimuli to high-level influences (like
awareness of alternative percepts). They further support
Fig. 12. Effect of the rank of the block measured in Experiment 3 for
the intrinsic stimulus (2300 ms). Each graph represents the data of
one observer. The data of the other observers of this experimental
group are not presented because they did not show any difference
across time (they always responded ‘horizontal’). Conventions are the
same as in Fig. 11.
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the idea that an important difference between the in-
trinsic and the extrinsic conditions relies on the in-
creased multistability of the latter condition.
6. General discussion
The conclusions of our study pertain to three differ-
ent questions: (1) what’s the nature of the interaction
between 2D and 1D motion signals in the classical
barber-pole (i.e. intrinsic condition)? (2) how powerful
is binocular disparity in the extrinsic:intrinsic classifica-
tion? (3) how is the interaction between 2D and 1D
motion signals affected when 2D motion signals be-
come extrinsic? Or, to put it differently, what’s the
nature of the new interaction between 2D and 1D
signals?
(1) Two extreme cases occur when the grating is
translating in the same plane as the aperture (intrinsic
condition).
When there are as many 2D signals moving horizon-
tally as vertically (TR1), our results show a strong
multistability of the percept. This multistability reflects
an active competition between the two different 2D
signals (VS and VL, Fig. 2): on some trials, the compe-
tition is inconclusive and the perceptual outcome is
close to Vp (1D motion signal). On some other trials,
one of the two unambiguous signals ‘wins’ and captures
the 1D motion signals. The interesting finding is that
the probability of capture in a given direction gradually
increases as the direction of Vp comes closer. These
results are not consistent with the idea that the different
2D signals are averaged before being integrated. This
general pattern of results supports a recent model of 2D
motion perception which predicts this kind of capture
when moving features of different directions must be
integrated with 1D motions signals (Chey et al., 1997).
When the terminator ratio is large enough (here
TR3), a different pattern of results is observed.
Namely, the competition between different 2D signals
seems to be abolished as suggested by the suppression
of the above-mentioned capture phenomena. This is
indicated by the rather uniform distribution of re-
sponses near the direction parallel to the long axis of
the barber-pole.
Interestingly, in both cases, the horizontal cardinal
direction exerts a strong bias on perceived direction.
This bias is revealed in two different ways: there is a
global bias toward horizontal for all responses and
additionally, with an terminator ratio of one, there is
also a higher probability of horizontal capture versus
vertical capture. Therefore, our results quantitatively
characterize and confirm a brief report made by Shap-
ley and Rubin (1996) who used 45° gratings moving
within square apertures. This kind of horizontal bias
has also been reported by Mulligan (1992) with Lissa-
jous curves producing an ambiguous kinetic depth
effect.
(2) Is it sufficient to place the translating grating
within a depth plane lying behind the aperture’s plane
to alter this overall pattern of results as described by
Shimojo et al. (1989)? In other words, how efficient is
stereopsis in order to distinguish between extrinsic and
intrinsic motion signals?
As suggested recently (Castet et al., 1997), our study
indicates that binocular disparity is not a major deter-
minant of the extrinsic:intrinsic classification. In con-
trast, occlusion is a much more powerful factor. From
a functional point of view, the primary role of binocu-
lar disparity is to specify that an object is lying further
away than another: it cannot specify whether the object
lying further is extending behind the nearer object. In
this respect, an interesting finding of the present study
is that unpaired regions in binocular images (half-occlu-
sions) are much more effective to provide a sense of
occlusion (i.e. the impression that the moving bars are
extending behind the frame), and to eventually classify
the bar-endings as extrinsic or intrinsic. Up to now, the
crucial role of half-occluded regions has been empha-
sized with static stimuli (Nakayama & Shimojo, 1990;
Anderson, 1994; Anderson & Nakayama, 1994; Ander-
son & Julesz, 1995). Our study presents additional
evidence for the importance of partial occlusions but in
the context of the interaction between motion process-
ing and form processing. In line with our proposal,
Liden and Mingolla (1998) have also shown, with mov-
ing barber-pole stimuli, that several monocular occlu-
sion cues (like T-junctions) provide stronger occlusion
cues than binocular disparity for the extrinsic:intrinsic
classification. This approach complements and extends
the scope of other studies which showed the importance
of surface segmentation cues in motion integration for
superimposed patterns (Stoner, Albright & Ramachan-
dran, 1990; Stoner & Albright, 1993; Trueswell & Hay-
hoe, 1993).
Finally, we’d like to suggest that unpaired regions in
binocular images might also be responsible for the bias
toward the horizontal cardinal direction observed in the
present study in the intrinsic condition. Nakayama and
Shimojo (1990) already asked whether the emergence of
subjective occluding contours arising from unpaired
points was based on built-in or learned mechanisms. It
might also be asked whether, from our visual experi-
ence, the association of vertical occluders with clear-cut
half-occlusions as opposed to the combination of hori-
zontal borders with no such half-occlusions is suscepti-
ble to provoke a learned bias toward horizontal for
patterns moving within apertures as observed here with
intrinsic barber-pole stimuli. Alternatively, Mulligan
(1992) proposed that the learned association leading to
a horizontal bias was related to the relative motion
between ambulant observers and vertical occluders (like
trees).
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(3) How does the overall pattern of results observed
in the intrinsic condition evolve when the 2D motion
signals become extrinsic? First, the two different extrin-
sic 2D motion signals are not suppressed but rather
become ‘ambivalent’. More precisely, the constraints
which favored exclusively one of the two different
signals when they were intrinsic are markedly reduced
when these signals become truly extrinsic. For instance
in Experiment 1A, the horizontal capture observed with
the 45° extrinsic grating is made possible only because
the influence of the terminator ratio which favored
vertical in the intrinsic condition has been suppressed
or at least reduced (Fig. 5). Another conclusion is that
2D motion signals can be extrinsic to different degrees.
Experiment 1B showed for instance that horizontally
moving signals were only slightly extrinsic. It seems
possible to incorporate these two characteristics of ex-
trinsic signals in some models of motion perception
which assign different degrees of reliability to local
velocity estimates (Nowlan & Sejnowski, 1995).
Finally, a general conclusion from the present study
is that the multistability of barber-pole stimuli, both in
the extrinsic and intrinsic conditions, must not be ne-
glected. This experimental fact is the source of a better
understanding of the competition occurring between
the different 2D motion signals in order to capture the
ambiguous signals extracted along the moving bars. As
with other multistable stimuli, high-level influences (Ex-
periment 3), for example the awareness of alternative
percepts, are able to significantly alter the perception of
barber-pole stimuli (Girgus, Rock & Egatz, 1977; Peter-
son & Hochberg, 1983; Rock & Mitchener, 1992). Two
important consequences arise from these consider-
ations. First, the procedure used to evaluate the percep-
tion of barber-pole stimuli should not force observers
to use inappropriate perceptual categories like ‘horizon-
tal’ or ‘vertical’. Second, the interpretation of the data
should include an analysis of the shape of the response
distributions.
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